Abstract Large freshwater mussels (Unionoida) are declining throughout the world. The European bitterling Rhodeus amarus (Bloch, 1782) female spawns its eggs inside the unionids' shells, where fertilisation and further embryonic development take place; thus its reproduction depends fully on the presence of large freshwater mussels. Unio crassus, previously regarded as one of the most numerous unionids in Europe, is now listed in the IUCN Red Data List as being globally endangered. Despite its previous prevalence, it was never reported as a host for the bitterling. A large population of U. crassus was studied in small river at the Świętokrzyskie Mts (Poland), where also electrofishing was conducted. In each bitterling territory located on the study plots, we found individuals of U. crassus, with the bitterling eggs or larvae developing on mussel's gills. That proves that this species can be also used by the bitterling for reproduction. We suggest that this relationship has not been reported to date due to the mussels' rarity and ongoing decline. However, it is also possible that the endangered mussel is a novel host for the bitterling, which is expanding its range throughout Europe.
Introduction
The European bitterling Rhodeus amarus (Bloch, 1782) is a small cyprinid fish with a unique life cycle, characterised by an obligatory relationship with freshwater mussels. The bitterling female spawns its eggs between the gills of unionid mussels, where fertilisation and further embryonic development takes place (Aldridge 1999) . Due to its unique mode of reproduction, the occurrence of the European bitterling is limited and depends on the presence of unionids (Przybylski and Zięba 2000) . In Europe, the bitterling is mostly regarded as rare and endangered (Lelek 1987; Przybylski 2002) . The strong dependence of the bitterling on freshwater mussels has an important consequence: conservation status of the bitterling depends largely on the situation of their mussel hosts. The species of unionid mussels that commonly co-occur with the bitterling in Europe are large species of freshwater mussels, Anodonta anatina, Anodonta cygnea, Unio pictorum, and Unio tumidus (Reichard et al. 2006) , which are also widespread in European inland water bodies and can fulfil key ecological functions (Gutierrez et al. 2003; Aldridge et al. 2007 ). However, the conservation status of these mussel species in Europe has not been studied sufficiently (Lopes-Lima et al. 2016) .
The bitterling prefers to use mussels of the family Unionidae (Reynolds et al. 1997; Smith et al. 2000a, b) for reproduction, but also has been found to use those of the family Margaritiferidae (Zhul'kov AI and Nikiforov 1988; Smith and Hartel 1999) . Early studies of this phenomenon reported that bitterlings were capable of using any available species of freshwater mussel for spawning (Breder 1933) . However, later studies found different patterns: highly significant preferences for spawning in A. anatina, as well as in U. pictorum and U. tumidus, whereas A. cygnea seemed to be much less preferred (Balon 1962; Reynolds et al. 1997; Smith et al. 2000a; Mills and Reynolds 2002) . Reichard et al. (2010) have confirmed that bitterlings avoid A. cygnea; however, preferences among other abovementioned mussel species tend to be related to their local abundance.
Bitterlings use almost all of the large freshwater mussels of Europe for reproduction, nevertheless, to date Unio crassus has never been demonstrated as being its host. In their review of the reproductive ecology of the bitterling, Smith et al. (2004) do not even mention U. crassus. It is, however, interesting that Reichard et al. (2010 Reichard et al. ( , 2011 found that in Asia Minor (Turkey) Unio crassus replaces U. tumidus as a host; thus this species can also be considered as a potential host for the European bitterling.
Unio crassus was considered the most abundant unionid species in Central and Northern Europe in the twentieth century (Israel 1913; Zwanziger 1920; Jäckel 1962; Wolff 1968; Bednarczuk 1986; Hochwald and Bauer 1990) ; however, this abundance is now seemingly a thing of the past. Moreover, most European unionids are lowland species, whereas U. crassus can inhabit the higher altitudes than other unionids (Lopes-Lima et al. 2016) . In some mountainous rivers they may reach a very high density (Zając 2004) , providing the bitterling with a very large number of potential oviposition sites. Moreover, such extensive breeding possibilities, taking into consideration the range, altitude range, host population density, and ubiquity of U. crassus, should be valuable for a species sensitive to crowding effects (Smith et al. 2000a, b) .
On the other hand, the thick-shelled river mussel U. crassus is assessed as endangered in Europe (Lopes-Lima et al. 2014) . It is also protected in several European countries and is bred in an increasing number of active conservation projects (Lopes-Lima et al. 2016) . The breeding behaviour of the bitterling in mussels is not neutral for the host. Reichard et al. (2006) demonstrated that R. amarus is a parasite of unionid mussels because it is able to avoid infestation by mussel larvae, while bitterling embryos developing on the gills of mussels significantly reduce the mussel's growth rate. Mills et al. (2005) showed that bitterling embryos may reduce ventilation rates by obstructing water flow through the gills and by distorting the gills and the lateral cilia on their surface. It is thus possible that a high level of abundance of the fish may affect the reproductive potential of the declining populations of U. crassus.
In this paper we report the occurrence of bitterlings in a pristine river (Natura 2000 site), in which U. crassus is the only mussel ever found. This has inspired us to verify the role of U. crassus as a host for the European bitterling and to estimate the scale of this behaviour within this population.
Methods

Study site
The Warkocz (Ś więtokrzyskie Mts., Central Poland) is a small pristine river with a uniquely diverse hydrological system, where fast-flowing sections alternate with sections of a lentic character (flow velocity from 0 to 0.22 m/s; maximum 0.8 m/s). The water of the Warkocz River is relatively clean: pH 7.9; ammonium, 0.08 mg/dm 3 ; orthophosphate, 0.04 mg/dm 3 ; nitrite, 0.08 mg/dm 3 ; nitrate, 10.33 mg/dm 3 ; calcium, 7.14 mg/dm 3 ; and conductivity, 339 lS (mean values for 14 May 2014). It is inhabited by several rare and endangered fish species, such as the European bitterling (Rhodeus amarus), brook lamprey (Lampetra planeri), Ukrainian brook lamprey (Eudontomyzon mariae), European bullhead (Cottus gobio), and an abundant population of thick-shelled river mussels (U. crassus).
The study was conducted at three sites ( Mussels' sampling and electrofishing Bitterlings and mussels were sampled between April and July 2015 (16 April, 15 May, 5 June, 18 June, and 2 July). Electrofishing was performed using pulsed DC Radet IUP-12 electrofishing equipment. The position of each bitterling individual was marked on the map. The fish were kept in plastic containers and were released at the locations in which they were initially caught immediately after the electrofishing session had finished.
The mussels were surveyed on 15 May, during their breeding season, where they are most active and visible. They were found by searching the sediment by eye for the presence of siphons and by inspecting sediments and tree roots by hand. Areas of uniform bottom covered with sand were sampled using a netted clam rake. The position of each individual was marked on the map. The bitterling larvae were identified and counted in the field by inspecting the mussels' gills in slightly opened shells. The positions of the mussels hosting bitterling larvae were marked separately.
Results
During all sampling sessions, 27 R. amarus individuals were found (11 adult males, 3 adult females, and 13 juveniles). Nine individuals were found at site A (3 adult males, 6 juveniles; Fig. 1a ), 11 at site B (6 adult males, 3 adult females, 2 juveniles ; Fig. 1b) ; and 7 at site C (2 adult males, 5 juveniles; Fig. 1c) . Two of three females at site B were found with developed ovipositors (Fig. 1e) . The bitterling individuals were usually caught near the banks of the channel (mean of 1.08 m from the bank; SD = 0.59 m).
During the survey of U. crassus, 353 individuals were found, with a mean density equal to 0.27 ind./m 2 and an average of 2.12 ind. per metre of river course; 117 individuals were found at site A (mean density 0.33 ind./m 2 ; 2.54 ind. per metre of river course), 164 individuals at site B (mean density 0.40 ind./m 2 ; 3.28 ind. per metre of river course), and 72 individuals at site C (mean density 0.13 ind./m 2 ; 1.02 ind. per metre of river course). Their distribution within the channel on the sampling sites was non-random: 73.94% of them occurred in distinguishable clusters (shoals), each of which included from 2 to 44 individuals (mean = 14.5; SD = 12.35; median = 12) and which were usually located on the steep channel banks.
Inspection of the mussels' gills ( Fig. 1d ) revealed 15 individuals of U. crassus infested with R. amarus larvae (4.25% of all inspected mussels; 2 individuals at site A; 11 at site B; 2 individuals at site C; Fig. 1a-c) . Altogether, 76 larvae were found in all the mussels (mean = 5.07; SD = 3.31); 80% of the infested mussels occurred in shoals. 
Discussion
Rhodeus amarus spread throughout the freshwaters of Central Europe relatively recently. Ichthyological records show that in most European countries in which the bitterling is found today, it became widespread and common only after 1850 (Van Damme et al. 2007 ). Thus, the mussel species used by R. amarus for spawning in the western part of its geographical range appear to be hosts with a short evolutionary association with this fish species (Reichard et al. 2006) . However, the question arises as why the abundant and widely distributed U. crassus has never been demonstrated as a bitterling host. There are three possible explanations. Firstly, although the bitterling seems to have been thoroughly studied, the pioneering British studies, conducted in a region where U. crassus does not occur, may have misdirected research outside Great Britain. The second explanation, which does not exclude the first, is based on the decrease in the numbers of U. crassus. The species seems to have been relatively abundant in the downstream parts of such lowland rivers as the Rhine, Meuse, and Schelde from about the eleventh century to the start of severe aquatic pollution in the nineteenth century (Wolff 1968) . Considering that the bitterling has been spreading in Europe since the nineteenth century, the fish could not have had sufficient time and opportunities to adapt to the vanishing host species. It is also possible that the bitterling, a thermophylic species, became abundant in European lowland rivers only in the second half of the twentieth century, when U. crassus had already disappeared from most of those rivers, with the exception of large populations in cleaner mountainous waters (Hus et al. 2006 ). Thus, the third possible explanation is that when global warming started to increase sharply from ca 1980 onward, the bitterling invaded colder waters inhabited by U. crassus. The phenomenon may thus be a recent change.
Unio crassus has the highest altitudinal range of all European unionids (Lopes-Lima et al. 2016). U. crassus is the only mussel species harboured by the Warkocz and other mountainous rivers. Such specialisation could create a serious constraint for bitterling, restricted to lowland habitats (Thompson 1994) . Thus, the new relationship between the bitterling and U. crassus may result from phenotypic plasticity of the parasite, enabling them to use an alternative host species in new habitat, where the preferred hosts are not available. Reichard et al. (2004a) assume that when bitterlings expand their range, their discrimination in the selection of hosts is limited, implying positive selection pressure favouring phenotypic plasticity in this species; this seems plausible here (Ghalambor et al. 2007) . It is possible to imagine that mountainous rivers were inhabited by such nondiscriminative individuals of the bitterling, and this feature enabled them to colonise large, dense populations of the potential host (U. crassus), providing an opportunity for population growth and further range expansion. Additionally, in the Warkocz and other mountainous rivers, the conditions for selection pressure favouring host specialisation are completely relaxed, as there are no other species of unionids available.
In lowland rivers or floodplain lakes, ponds and postglacial lakes, such conditions are rarely met. Although new oxbows are sometimes occupied by a single species of freshwater mussels, usually unionids occur in guilds, with many species concentrated within small zones (e.g. for floodplain lakes, cf. Zając et al. 2016 ). This offers perfect conditions for host discrimination and the opportunity to find the most suitable individuals in terms of species and size.
The mean number of 5.07 eggs per mussel recorded in this study was far below the known maximum carrying capacity of mussels (maximum of 257 bitterling embryos per individual found in A. anatina, 147 in A. cygnea, 149 in U. pictorum, 157 in U. tumidus; Smith et al. 2004 ) and mean number of 40 embryos found in U. pictorum and U. tumidus (Reichard et al. 2004b ). However, it should be remembered that these mussel species are much larger in size than U. crassus. The prevalence of U. crassus infestation (4.25%) by bitterling embryos was also lower than in other mussel hosts for bitterling embryos (from 17% of infested Unio douglasiae individuals by Rhodeus sinensis embryos to 100% of Anodonta globosula individuals infested by Rhodeus ocellatus embryos; Reichard et al. 2007 ). Reichard et al. (2004a) found that the total number of bitterling eggs spawned was positively related to the number of available mussels. Thus the low mussels density recorded in the Warkocz may result in low infestation prevalence and intensity. An alternative explanation can be that R. amarus is still poorly adapted to the new host species. The latter hypothesis can be easily verified if the further increase in infestation prevalence and intensity will be observed for R. amarus along to its range spread in mountainous rivers.
Other studies indirectly confirm that U. crassus can be, at least locally, an important host for bitterlings. Taeubert et al. (2012) also recorded the occurrence of bitterlings in streams with large populations of U. crassus, although they did not report on the reproductive relationship. Doubtless, over time, the habitats now occupied (in terms of mussels) only by U. crassus will be invaded by the bitterling. Reichard et al. (2011) suggested that, in accordance with the evolutionary history of the parasite-host relationship, the bitterling should also infest other mussel species inhabiting Europe, if there is no counter-selection resulting from advantages of the selected species preference. These authors used this approach to explain the occurrence of bitterling larvae in U. crassus inhabiting Lake Sapanca in Asia Minor (Turkey). They assumed that as a result of the long history of the host-parasite relationship, Unio crassus replaces U. tumidus as a host. It could happen, however, that U. crassus was a common and widespread host both in Asia Minor and all across Europe; it is simply unknown, because U. crassus was not studied enough. The phenomenon we have documented indicates the possibility of ongoing evolutionary process, needing further studies on the spatial distribution of the bitterling's preferences and the resulting consequences for its population dynamics and range expansion.
